Winemaking produces annually millions of tons of grape marc as a byproduct, which is a revaluable resource having many potential uses, including a nutrient-rich organic soil amendment. However, its application as untreated raw material can damage crops owing to the release of phytotoxic polyphenols. This agronomic problems can be minimized by vermicomposting, as earthworms can partly digest polyphenols. This chapter reports the results obtained in the processing of grape marc derived from white wine through vermicomposting on an industrial scale to yield both a high quality organic, polyphenol-free fertilizer and grape seeds as a source of bioactive compounds. Vermicomposting reduced substantially the residue biomass. In a very short-term, the process yielded a nutrient-rich, microbiologically active and stabilized peat-like material that can be easily separated from the seeds by sieving. The isolation of the seeds eliminates the polyphenol-associated phytotoxicity from the vermicompost and left those seeds prepared to be easily processed to get different bioactive compounds, mainly rich-polyphenols extracts but also rich-fatty acids seed oil. The procedure described is effective, simple, environmental-friendly and economical, and can easily be scaled up for industrial application yielding a variety of added-value products from the initial grape marc.
Introduction
The annual worldwide production of grapes in the world keeps increasing and accounts to nearly 78 million tonnes [1] , and most of these grapes (up to 80%) are utilized to make wine. The main residue of winemaking is grape marc, also known as grape bagasse or grape pomace, which consists of the stalks, skin, pulp and seeds that remain after pressing the grapes. After the pressing process of the grapes to obtain the stum or grape juice, the grape marc is nearby 20% of the grapes weight. The overall composition of grape marc depends on the pre-treatment process in the winery and consists of 40% seeds and 60% skin and pulp grape, when stems are removed before pressing. When grapes are directly processed including their stalks, the composition of grape mars is 30% stems, 30% seeds and 40% skin and pulp grape.
Traditionally, grape marc has been used to produce pomace brandy spirits (orujo, grappa, zivania, törkölypálinka, …). Nowadays, a relative small fraction of the grape marc produced during the winemaking process in the wine industry is utilized for the production of ethanol, to extract organic acids and to produce grape seed oil and other food ingredients [2] [3] [4] . Due to its high acidity, it is easy to make silage and thus grape marc has also been used as fodder to feed livestock animals, although its high lignin content makes it rather indigestible [5] .
This byproduct or subproduct is potentially a very valuable resource that could be used as a nutrient-rich organic soil amendment; however, overproduction in small geographic areas has led to inappropriate disposal of the material on agricultural land. Moreover, the application of the untreated raw material can damage crops owing to the release of excessive amounts of phytotoxic polyphenols to soils [6] . These phenolic compounds are responsible for the potential phytotoxic and anti-microbial activity of the grape marc, including potential negative effects on the physical, chemical and biological properties of the soil, potential phytotoxic effects on crops and potential groundwater pollution [7] .
Since earthworms can digest polyphenols, at least partly [8] , the agronomic problems associated with the application of the grape marc to soil can be minimized or eliminated by vermicomposting technologies [9] .
From another point of view, polyphenols have well-known human health-promoting effects and other properties in different biological and food systems [3, 10] . Over the past 20 years, the level of scientific and public interest in grapevine polyphenols has increased greatly. Over this period, increasing numbers of potential human health applications for polyphenols have been suggested and experimental data supporting various uses have been accumulated, including anti-cancer and cardioprotective effects and also anti-inflammatory, anti-obesity, anti-ageing, anti-diabetic and neuroprotective properties. Polyphenols are potent antioxidants and can neutralize free radicals, thus halting lipid oxidation and other oxidative side effects [11, 12] . This characteristic makes polyphenols of interest for many different applications, such as the treatment of inflammation [13] and cancer [14, 15] . Moreover, these natural phenolic compounds have many industrial applications, for example, they may be used as natural colourants and have been reported to have excellent properties as food preservatives [11, 12] , for anti-ageing purposes in cosmetics [16, 17] and for nutraceutical purposes [18] .
Polyphenols also have nootropic properties, i.e. they can enhance several brain functions, such as learning, memory, attention and motivation [19] .
A large proportion of the polyphenols (ca. 60%) in grape marc is contained in the seeds [20] . Consequently, another interesting approach is to recover these polyphenols as functional compounds for the pharmaceutical, cosmetic and food industries [2, 3, 11, 21, 22] .
A possible alternative to optimize the extraction of these polyphenols is to use the vermicomposting process as a pre-treatment technique of the grape marc. In this way, the potential agronomic problems associated with the application of grape marc to soil can be simultaneously minimized or eliminated [9, 23] .
The process of vermicomposting
Vermicomposting is a bio-oxidative process in which detritivorous earthworms intensively interact with microorganisms, thus strongly affecting decomposition processes, accelerating the stabilization of organic matter and greatly modifying its physical and biochemical properties [24, 25] . Although microbiota produces the enzymes for the biochemical decomposition of organic wastes, earthworms are the crucial drivers of the vermicomposting process. Thus, they are responsible for the activation and acceleration of microbial activity through the processes of ingestion and breaking up of fresh organic matter, which result in a larger surface area accessible for microbial attack, altering significantly biological activity. Furthermore, the passage through the earthworm's gut and the associated process, as well as their interactions with other organisms in those detritivorous networks, changes the structure and function of the microbial communities [26, 27] .
Vermicomposting includes two different phases in relation to earthworm activity (Figure 1): i.
An active phase during which earthworms ingest, process and digest the dead organic matter; thereby modifying its physical and chemical properties and the structure and function of the microbial communities [27] [28] [29] ; and ii. A maturation phase characterized by the shift of the earthworms towards raw layers of unprocessed organic waste, during which microorganisms alone take over control of the decomposition of the earthworm's casts [9, 24] .
The extent of the active phase is variable and depends on the species and density of earthworms (the main drivers of the process), and the rates at which they ingest and process the organic waste [30] .
In the first instance, the effect of earthworms on the decomposition of organic waste during vermicomposting is due to gut-associated processes (GAPs). GAPs include all those modifications that the dead organic matter and the microorganisms undergo during the transit though the earthworm's gut. These alterations include the addition of carbohydrates, enzymes and other metabolites, change diversity and activity of the microbial and microfaunal populations and communities, physical homogenization of the ingested material and the inherent processes of digestion, assimilation and production of mucus and excretory substances such as urea and ammonia, which constitute an easily assimilable pool of nutrients for microorganisms (Figure 1 ). In addition, endosymbiotic microorganisms that live in the earthworms' guts and produce extracellular enzymes that degrade cellulose, polyphenols and other macromolecules [9] boost decomposition of the organic waste. The continuous burrowing activities of earthworms aerate and homogenize the substrate, producing important physical modifications of the substrate, accelerating microbial activity and further increasing the breakdown of organic wastes [24] . Once GAPs are completed, the earthworm casts undertake cast-associated processes (CAPs), which are more related with ageing and maturation stages, with the physical and chemical changes of the egested casts and with the modifications that the microflora and microfauna present in the vermicompost exert over those cast materials [31] . During cast-associated processes, earthworms exert secondary transformations resulting from the GAPs (Figure 1) . In vermicomposting systems, earthworm casts are mixed with other materials not ingested and/or digested by the earthworms, and depending on the heterogeneity of the organic wastes, the resulting vermicompost consists of a mixture of the two different portions. During this ageing process, vermicompost will reach an optimum stage in terms of its biological properties promoting plant-growth enhancement and suppression of plant diseases [32] .
Vermicompost, the end product of vermicomposting, is a finely divided and porous peat-like material with a high water-holding capacity; it also contains many nutrients in forms that are readily taken up by plants [24] . At the end of the vermicomposting process, the vermicompost can be separated easily from the more recalcitrant fractions of the waste material.
Vermicomposting of grape marc
Grape marc derived from white grapes (Vitis vinifera, v. Albariño) was collected in a cellar of the Rías Baixas DO (Terras Gauda, O Rosal, Galicia, NW Spain). As a simple pre-treatment, the grape marc was moisturized and revolved before vermicomposting. The main chemical features of the grape marc are detailed in Table 1 . The system used for the large-scale vermicomposting process was a pilot-scale vermireactor housed in a greenhouse. To prevent desiccation, the vermireactor was watered daily with an automatic system. At the beginning of the trial, the initial earthworm (Eisenia andrei) density was 214 ± 26 individuals m 2 . The grape marc was then placed on top of a plastic mesh in the vermireactor to facilitate the removal of grape marc after processing by the earthworms [33] . Values are means ± SE (n = 5). Different letters indicate significant differences between the values, based on post hoc tests (Tukey HSD). Table 1 . Chemical properties and microbial activity of the fresh grape marc and the final vermicompost.
The density and biomass of the earthworm population were determined periodically by collecting 10 samples with a core sampler (five from above and five from below the plastic mesh) of the material in the vermireactor every 14 days during the whole trial (112 days). For the analysis of polyphenols and the biological and physicochemical properties, five samples (10 g) were collected every 7 days during the trial. The samples were stored in plastic bags at 20°C until analysis [33] .
Samples of the material were dried at 105°C for 24 h, for the determination of the moisture content, and combusted at 550°C for 4 h, for the determination of the organic matter content. Electrical conductivity and pH were measured in aqueous extracts (1:10 w/v). The total C and N and total P and K contents were analysed in oven-dried (60°C) samples, using a C/N analyser and optical emission spectrometry with inductively coupled plasma (ICP-OES), respectively.
Microbial activity of the grape marc during vermicomposting was determined according to DIN ISO 16072, by measuring the oxygen consumption with the OxiTop ® Control System. The total contents of cellulose, hemicellulose and lignin in the grape marc and vermicompost samples were determined by detergent fibre methods. Values of neutral detergent fibre (NDF), acid detergent fibre (ADF) and acid detergent lignin (ADL) were determined, as described by Aira et al. [34] , using the FibreBag System ® [32] .
To determine the total and individual polyphenols, samples were extracted by means of pressurized liquid extraction (PLE), as described by Alvarez-Casas et al. [2] . The concentration of total polyphenols (TP) in grape marc extracts was determined according to the FolinCiocalteu colorimetric method, and the absorbance values were measured at 760 nm. TP were quantified from a calibration curve prepared with gallic acid standard solutions and expressed as mg gallic acid per g of dry weight (mg gallic g −1 dw). A 5 mL aliquot of each PLE grape marc extract was concentrated to a final volume of 0.5 mL under an N 2 stream at 40°C. Finally, the concentrated extract was filtered through a 0.22 µm PVDF filter and analysed in a highperformance liquid chromatography (Varian Prostar HPLC system with a diode array detector). The determination chromatographic method is described in detail elsewhere [33] .
Data were statistically analysed by repeated measures analysis of variance (rANOVA) with sampling time as the within-subject factor. Mauchly's test confirmed that all variables satisfied the assumption of sphericity, and significant differences in the main effects were further analysed by paired comparisons, with the Tukey HSD test.
Evolution of the earthworm population during vermicomposting of grape marc
Before adding the grape marc to the vermireactor, the population density of earthworms (in this study belonging to the species Eisenia andrei) in the vermireactor was around 300 individuals m The total population density of earthworms and the population density of adult earthworms, juveniles and cocoons augmented considerably until day 70, when the population density reached its maximum. Then, since no more grape marc was added to the vermireactor, the earthworm population density started decreasing thereafter until reaching its minimum value at the end of the trial (day 112). Earthworm biomass increased in the same way, with maximum values after 70 days of vermicomposting, decreasing then until day 112 (Figure 2) . The earthworm population density in the vermireactor before adding grape marc was quite small. As a consequence of the input of earthworm food from the grape marc, it increased rapidly and noticeably, but it reached values far from its maximum capacity. Detritivorous earthworms as Eisenia andrei live in pure organic matter environments where the availability of food increases earthworm growth, development and reproduction, leading to very large earthworm populations. Thus, when large amounts of food are available, the population density of this type of earthworms can reach very high values, as for example up to 8000 earthworms m 2 in cow manure and 14,600 individuals m 2 in pig manure [35] . Although microorganisms are the main agents responsible for organic matter decomposition, earthworms affect the rates of decomposition directly by feeding and fragmenting activities and indirectly through interactions with microorganisms [9, 24] 
Vermicompost of grape marc
The pH of the fresh grape marc was quite acid and increased rapidly due to the action of the earthworms, reaching neutrality after seven weeks and remaining neutral in the final vermicompost ( Table 1) .
The rapid mineralization of the organic C of the grape marc leads to a significant reduction of the waste mass and volume. Thus, the mass of grape marc was reduced in 60% as a consequence of the vermicomposting process. On the other hand, this important reduction in mass implies increments in the concentration and availability of mineral nutrients.
Electrical conductivity (EC) of the grape marc was relatively high and decreased significantly during vermicomposting reaching quite low values in the final vermicompost ( Table 1) . The organic matter content of the fresh grape marc is very high and decreased rapidly over time reducing its values to almost 20%. During vermicomposting, the total carbon content of the grape marc depleted rapidly and reduced considerably in the vermicompost ( Table 1) . The nitrogen content of the grape marc was quite high (2%) and increased significantly during vermicomposting until reaching values of 3% in the vermicompost. The C to N ratio decreased gradually and quickly during the process until values around 12 ( Table 1) . While the total K content decreased significantly, the total P content increased significantly during vermicomposting. The microbial activity, measured as basal respiration, decreased very significantly over time reaching much lower values in the vermicompost ( Table 1) . Vermicomposting of grape marc drastically reduced the contents of cellulose, hemicellulose and lignin ( Table 1) .
Some other studies have demonstrated that vermicomposting can be an interesting and efficient alternative for the treatment of grape marc derived from the elaboration of red wine [36, 37] and white wine [38] [39] [40] . In the case study presented here, the positive and high dynamics of the earthworm population density together with the correct evolution of the chemical and biological properties indicate that vermicomposting was optimal and produced excellent quality vermicompost. Vermicompost is a mineral-rich, microbiologically active organic amendment that results from the interactions between earthworms and microorganisms during the breakdown of organic matter. It is a stabilized, finely divided peat-like material with a low C:N ratio, high porosity and high water-holding capacity, and it functions as a concentrated source of mineral nutrients that are released slowly and gradually, through mineralization, when plants require them [24] . The speeded breakdown and mineralization of organic wastes, the changes in the structure and function of the microbial communities and the high humification rates achieved during vermicomposting explain the quality and quantity of the nutrients in the vermicompost [40] . At the same time, the organic compounds, extracellular enzymes and other biological characteristics of vermicomposts make these outstanding biological fertilizers. Consequently, when added to the soil or to plant growing substrates, this complex mixture of earthworm faeces, humified organic matter and microorganisms also known as earthworm humus increases germination, growth, flowering and fruit production and accelerates the development of a wide range of plant species. The boosted plant growth may be indorsed to different direct and indirect effects, including biologically mediated mechanisms such as the supply of plant growth regulating substances and improvements in a vast array of soil biological functions [41] .
Evolution of the polyphenol content of the grape marc and the grape seeds during vermicomposting
The polyphenol content of the initial white grape marc was 58 ± 10 mg GAE g −1 dw and decreased significantly throughout the vermicomposting process; the amount of polyphenols was reduced by almost one half in a period of only 14 days. At the end of the trial, the decrease was about 98% of the initial amount, with very low levels maintained during the past weeks, compared with the pre-vermicomposting levels (Figure 3) , reaching a residual concentration in the final vermicompost. 
The initial concentration of polyphenols in the grape seeds was 70 ± 5 mg GAE g −1 dw. The polyphenol content also decreased gradually throughout the vermicomposting process (Figure 4) . Grape seeds contain large quantities of polyphenolic compounds, being an interesting source for exploiting the biological properties of these natural substances on an industrial scale. After 2 weeks of vermicomposting, it starts to be possible the separation of the grape seeds and the earthworm by sieving. The optimal separation of the seeds is between weeks 4 and 6; latter, although the separation process is even easier the polyphenolic content of the seeds is lower. From the sixth week, the sieved biofertilizer does not contain polyphenols, due to the biodegradation of the 98% of the initial concentration, with residual values in the final vermihumus (Figure 4) .
Gallic acid, catechin and epicatechin were the main polyphenols identified in the grape seeds (Figure 4) . Their concentration was determined until the sixth week, corresponding to the end of the optimum time to collect the grape seeds, and because later the concentrations are much lower (Figure 3) . The concentration of gallic acid and the flavanols, catechin and epicatechin, in the grape seeds decreased gradually and significantly during the first stages of vermicomposting (Figure 4) .
The polyphenol content of the vermicomposted grape marc and seeds decreased gradually over time. The earthworm activity and the effects on decomposition are enhanced by the action of endosymbiotic microorganisms that produce extracellular enzymes that degrade phenolic compounds [32] . Seeds have greater resistance to the combined biodegradation action of earthworms and microorganisms than the remained vermicomposted grape marc, and this explains the higher concentration of polyphenols in the grape seeds during vermicomposting.
Earthworm activity during vermicomposting speeded the mechanical separation of vermihumus and grape seeds. They break down the grape marc acting as mixing machines, expanding the superficial area for microbial attack, and translocating materials and microbial-rich casts throughout the waste, thus homogenizing it. The most readily assimilable parts are rapidly decomposed to fine particles by the combined action of earthworms and microorganisms, whereas grape seeds stay almost entire. Polyphenols are mainly included in these more recalcitrant parts of the grape marc [20] . Grape seeds can easily be separated from the vermicompost after 2 weeks of vermicomposting. The total polyphenolic content of the seeds after these 2 weeks is lower than in the fresh grape marc, but the separation of seeds and vermihumus is easy, whereas this separation is much more difficult in the grape marc. The removal of the grape seeds also eliminates the phytotoxicity caused by the polyphenols in the vermihumus. Likewise, the lack of phytotoxic compounds is an indication of maturity in organic amendments [42] . This is important because the application of immature vermicompost can negatively affect crop development [43, 44] .
Several studies have shown that grapes are a major source of polyphenolic compounds, especially benzoic acids, cinnamic acids, anthocyanins, flavonols, catechins and tannins, which are largely preserved in the grape marc [2] . The concentrations of gallic acid, catechin and epicatechin decreased in the same way as the total polyphenols, as they were degraded by earthworms and microorganisms. Nevertheless, the seeds obtained on day 14 still contain useful amounts of the three major polyphenols (Figure 4) . These polyphenols have many beneficial properties mainly attributed to their anti-oxidant properties and anti-bacterial activities [3] , making them interesting substances for use in the cosmetic and food industries. The three main polyphenols contained in the grape seeds act particularly well as hydrogen atom donors, the main mechanism by which these compounds express their anti-oxidant action [22] . Specifically, flavonols are used as natural anti-oxidants preventing degradation of lipids, as anti-microbial agents and functional supplements in foodstuffs to improve animal health and to preserve animal products, and as bioactive components in nutritional and dietary supplements [20] .
Overview of the vermicomposting process of grape marc
Vermicomposting of grape marc has proven to be a very useful procedure that yields simultaneously an organic fertilizer and grape seeds. During the vermicomposting process, the activity of earthworms favours the mechanical separation of the different fractions of grape marc. The earthworms act as mechanical mixers, thus decomposing the organic material and increasing the surface area exposed to microorganisms; and moving the fragments and excreta rich in bacteria through the residue profile and thus, homogenizing the organic material. Earthworms reduce the more digestible parts to a finer particle size, while seeds remain almost unaffected. These most recalcitrant parts of grape marc contain the highest amounts of polyphenols and, as mentioned previously, seeds can be easily separated from the vermicompost after 2 weeks of vermicomposting. Sieving the material at the earlier stages of the process led to the separation of the organic fertiliser (vermicompost) from the remaining residual material that mainly consists in grape seeds ( Figure 5 ) (Patent no. ES2533501 [45] ). The seeds maintain a high proportion of the initial polyphenol content, and separation of the material facilitates extraction of the polyphenols, which have several potential industrial applications.
The separation of the seeds also eliminates the phytotoxicity in the final vermicompost. The degradation of the phytotoxic compounds is a good indicator of the maturity of the vermicompost, an important fact because the immature earthworm humus can affect adversely the development of crops. Thus, a mature and stable product with great potential for use in agriculture is obtained.
Interestingly, the polyphenol content of a wine depends on how grapes have been processed in the winery. Consequently, the polyphenol content of the grape marc also depends on the winemaking process. During red wine vinification, skins and seeds remain for several days in contact with the fermentation broth, giving the red wine a high polyphenol concentration. However, in the white winemaking, the grape juice ferments without being in contact with the grape marc, which remains as a final residue of the process, retaining much of the initial polyphenolic load of the grapes.
Conclusions
In recent years, the wastes derived from the wine industry have been object of a growing interest due to several environmental and industrial issues. The excessive accumulation of this waste and the problems associated with its agricultural use led to the search for new techniques for its valorization. In the present study, the application of a vermicomposting process represents an interesting method for the treatment of grape marc, environmentally friendly and rendering a new resource with industrial and commercial interest.
The overall conclusion of this study is the patent viability of vermicomposting to:
-Transform rapidly the most labile parts of the grape marc into a high-quality, polyphenolfree organic fertilizer.
-Facilitate the mechanical separation of grape seeds with a high proportion of their initial polyphenol content.
Increase promptly earthworm populations, susceptible to be used as fish bait, animal protein and source of bioactive compounds.
As well as yielding these beneficial added-value products, the process is inexpensive and environmentally friendly.
